The objective of this study was to develop an efficient production system for cellulase preparation with a high level of xylanolytic enzymes using soluble carbon sources. When xylose and arabinose were simultaneously fed with glucose and cellobiose, a mutant of Trichoderma reesei, M3-1, showed sufficient levels of cellulolytic and xylanolytic activities, indicating that xylose and arabinose are good inducers for the production of xylanolytic enzymes. In a continuous feeding experiment using glucose/cellobiose and glucose/ xylose/cellobiose, cellulase preparations with various levels of xylanolytic enzymes were obtained by altering the feeding solutions and the timing of their addition. The volumetric production rates for xylanolytic activities at the glucose/xylose/cellobiose-feeding phase were significantly higher than at the glucose/cellobiose-feeding phase, while those for cellulolytic activities were comparable under the two conditions. Thus the composition of the enzyme preparation produced by the mutant was readily controlled by varying the inducers and the pattern of their addition, facilitating the tailored production of enzymes in a diversity of bioconversion processes.
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Rising energy costs and imminent climate change have led to increased attention to the production of biofuels, fuels made from biomass. Biofuel ethanol (bioethanol) from lignocellulosic feedstocks is considered to be among the most effective biofuels in solving the environmental problems caused by the use of fossil fuels, without competition with food/feed production. 1, 2) In the bioethanol production process, saccharification of lignocellulosic feedstocks to obtain fermentable monosaccharides is the most important step. Enzymatic saccharification of lignocellulosic feedstocks can be done at moderate temperatures and under moderate pH conditions, and is therefore generally regarded as more advantageous than thermal or chemical hydrolysis in terms of environmental impact. 3) Cellulose and hemicellulose in plant cell walls are potentially major sources of fermentable monosaccharides, such as glucose and xylose. The structures and amounts of these polysaccharides prior to enzymatic saccharification are heavily dependent not only on the characteristics of the feedstock but also on the method of pretreatment, by which recalcitrant structures of the cell walls can be broken or loosened for efficient saccharification. 1, 4, 5) For example, alkali treatment of lignocellulosic feedstocks leaves most of the xylan along with the cellulose in insoluble form, whereas acid treatment generally hydrolyzes xylan, liberating the corresponding monosaccharides, without significantly affecting the cellulose structures. 4, 5) Thus the amount and type of cellulolytic and xylanolytic enzymes must vary for efficient degradation with minimum loading. 1, 4, 5) In nature, many kinds of microbes are known to produce enzymes that mediate the degradation of cellulose and xylan. 6, 7) The Trichoderma sp. is thought to be among the strongest cellulase-producing fungi, and cellulase preparations of it have been commercialized. Information on the genomic sequence of T. reesei (Hypocrea jecorina) suggests that it can potentially produce many kinds of xylanolytic enzymes as well as cellulases. 8) While T. reesei grown on lignocellulosic materials produces cellulolytic and xylanolytic enzymes, it is widely accepted that water-soluble fragments from insoluble materials play important roles as inducers during the induction of enzymes appropriate for a specific insoluble substrate. 9) For example, cellobiose, generated from cellulose, induces cellulolytic enzymes, whereas D-xylose and L-arabinose, generated from xylan, induce xylanolytic enzymes, [10] [11] [12] but the generation of these water-soluble fragments from cellulose and/or xylan can be affected by the activities of cellulases and xylanolytic enzymes during cultivation, resulting in an instable supply of the inducers. In addition, the effects of the inducers on specific gene expression are temporary, as the lifetimes of the watersoluble fragments are regulated by the speed of their metabolism as carbon sources. Thus, when insoluble materials, such as cellulose and xylan, are used as sources for inducers and as carbon sources for enzyme production, the unstable effects of these inducers can prevent the microbes from showing their maximum potential in enzyme production.
For efficient production of a quality and quantitycontrolled enzyme cocktail, we aim to develop a y To whom correspondence should be addressed. Tel: +81-29-838-7189; Fax: +81-29-838-7996; E-mail: tokuyasu@affrc.go.jp continuous, strictly-controlled production system for a range of enzyme cocktails using soluble sugars. In this system, the System for Continuous and Harmonized Induction of Enzymes (SCHIE), ideal conditions for induction of enzymes can be maintained by the controlled addition of soluble carbon sources and inducers, and thus potential for the enzyme production of the fungus is maximized. To develop this system, previously we obtained T. reesei mutants that produce cellulases in the presence of glucose, and we reported efficient cellulase production by the mutants in glucose-based media via continuous feeding of glucose and cellobiose. 13) For these mutants, cellulase production efficiency by this continuous feeding system was comparable to that by growth on cellulose. 13) In the present study, aiming at an advanced production system for both cellulolytic and xylanolytic enzymes, we investigated the effects of xylose and arabinose as inducers of xylanolytic enzymes under the simultaneous presence of glucose and cellobiose. Furthermore, we attempted to control the levels of xylanolytic enzymes in a state in which high cellulase productivity was maintained by a continuous feeding of glucose, xylose, and cellobiose.
Materials and Methods
Fungal strains and materials. T. reesei ATCC66589, purchased from American Type Culture Collection (ATCC; Manassas, VA), and mutated strain M3-1, which are UV-irradiated mutants of T. reesei ATCC66589 and can produce cellulases in media with glucose as sole carbon source, 13) were used. Carboxymethyl cellulose (CMC), birch-
, and bovine serum albumin (BSA) were purchased from Sigma Chemical (St. Louis, MO). Potato dextrose agar medium (PDA) was from Difco (Franklin Lakes, NJ).
Assays. Endoglucanase (EG) and xylanase activities were measured on carboxymethyl cellulose (1% w/v) and birchwood xylan (0.5% w/v) respectively. The reaction was performed in 50 mM sodium acetate buffer pH 5.0 at 50 C. Reducing sugars from the enzymatic reaction were quantified by the Somogyi-Nelson method. 14, 15) One unit of EG and xylanase activities was defined as the amount of enzyme that produces 1 mmol of reducing sugars per min in the glucose and the xylose equivalent. The combined activity of Cel7A and Cel7B (Cel7s), as well as the activities of -glucosidase (BGL), -xylosidase (BXL), and -L-arabinofuranosidase (-AF), were determined to be pNPL-, pNPG-, pNPX-, and pNPA-hydrolyzing activities respectively by monitoring the release of p-nitrophenol (pNP) from the substrates at 405 nm. Reaction mixtures containing the substrate (1 mM) and the enzyme in 50 mM sodium acetate buffer pH 5.0 were incubated for appropriate lengths of time at 50 C. The reactions were terminated by the addition of the same volume of 1 M sodium carbonate. One unit of enzyme activity was defined as the amount of enzyme that liberates 1 mmol of pNP from the substrate per min. Protein quantification was done with a DC Protein Assay Kit (Bio-Rad, Richmond, CA) based on Lowry's method, 16) using BSA as standard. The sugar concentrations in the culture and the hydrolysate of Ca(OH) 2 -pretreated rice straw were analyzed using a high-performance liquid chromatography system (Prominence UFLC, Shimadzu, Kyoto, Japan) equipped with a refractive index detector (RID-10A, Shimadzu). Samples were desalted and separated using a Deashing Micro-Guard pre-column and an Aminex HPX-87P column (Bio-Rad Laboratories, Hercules, CA) respectively at 60 C, with distilled water as the mobile phase (0.6 mL/min).
Cultivation of the strains. Basal medium (BM) 17) after supplementation of carbon sources was used for cultivation throughout the study.
The effect of D-xylose (Xyl) and of L-arabinose (Ara) addition to a mixture of glucose (Glc) and cellobiose (C2) on enzyme production was studied in a 2-L jar fermentor (MDL N-2L, B. E. Marubishi, Tokyo) at a final working volume of 1.2 L. Seed cultivation was performed as follows: Conidia of each strain (10 7 conidia) were inoculated into 100 mL of BM containing 20 mg/mL of Glc in a 500-mL flask, and then cultivated by rotation (180 rpm) at 28 C for 3 d. The seed culture was inoculated into 1.1 L of fresh BM containing 15 mg/mL of ammonium sulfate and carbon sources, as follows: (i) Glc/C2: 20 mg/mL of Glc and 2 mg/mL of C2, (ii) Glc/Xyl/C2: 10 mg/mL of Glc, 10 mg/mL of Xyl, and 2 mg/mL of C2, and (iii) Glc/Ara/C2: 10 mg/mL of Glc, 10 mg/mL of Ara, and 2 mg/mL of C2. Cultivation was carried out at 28 C at 300 rpm at 1 vvm (volumes of air per volume of liquid per min) of aeration for 4 d. During cultivation, pH was controlled within a range of 4.0-4.2 using HCl and NH 4 (OH). Aliquots of the culture (10 mL) were collected at appropriate intervals, and the supernatant was recovered by centrifugation (6;000 Â g for 15 min at 4 C) to determine protein amounts and enzymatic activities. For analysis of the sugar concentrations in the culture, the supernatants were also passed through an ultrafiltration device (cut-off 10-kDa) to remove proteins and other contaminants.
For fermentor-scale enzyme production by continuous feeding of carbon sources and inducers, mutant strain M3-1 was cultivated in a 5-L jar fermentor (BNR-5L, B. E. Marubishi). Seed cultivation was done using four flasks (100 mL Â 4 flasks), as mentioned above. All the seed culture was used to inoculate 2.5 L of fresh BM containing 20 mg/mL of Glc and 15 mg/mL of ammonium sulfate. The inoculated fungus was cultivated at 28 C at 500 rpm at 1 vvm of aeration. The culture medium was maintained at pH 4.0 for the first 3 d of cultivation and at pH 5.0 thereafter. After 1 d of cultivation, a mixed solution of sugars (Glc/C2: 180 mg/mL of Glc and 30 mg/mL of C2, and Glc/ Xyl/C2: 90 mg/mL of Glc, 90 mg/mL of Xyl, and 30 mg/mL of C2) was continuously added to the culture throughout the cultivation period at a rate of 1.93 g of sugar per h. Three feeding regimens were tested: (i) Glc/C2 was fed during the entire period, (ii) Glc/C2 was fed for the first 72 h and Glc/Xyl/C2 was fed thereafter, and (iii) Glc/Xyl/C2 was fed during the entire period. An aliquot of the culture (200 mL) was collected every day. The sample was clarified by centrifugation (6;000 Â g for 15 min at 4 C), and a portion of the supernatant was analyzed to determine protein amounts and enzymatic activity.
Saccharification of Ca(OH) 2 -pretreated rice straw with the enzyme preparations. Fine powders (0.5-mm-mesh-pass) of rice straw (cv. Koshihikari) were mixed well with 20% (g/g of rice straw) of Ca(OH) 2 in a bottle, and distilled water (10 mL/g of rice straw) was added to the mixture. Heat treatment and the following neutralization step were carried out by the HCl-neutralization and washing (HNW) process described by Park et al.
18) The cellulose and xylan contents of the pretreated rice straw were 35.8% and 15.6% respectively. Pretreated rice straw (100 mg dry basis) was added to 1 mL of enzyme solution in 50 mM acetate buffer pH 5.0, and then incubated at 50 C for 24 h. The concentrations of culture filtrates from T. reesei M3-1 grown on Glc/ C2, on Glc/Xyl/C2, and on Glc/Ara/C2 in a 2-L jar fermentor were adjusted to prepare the enzyme solution. Celluclast 1.5 L (Novozymes Japan, Chiba, Japan) was also used, as a commercial cellulase preparation. The final enzyme preparation contained 50 mU of Cel7s activity/mL, and 2.2 CbU (cellobiase units) of cellobiase activity by supplementation with Novozyme 188 as necessary (Novozyme 188; Novozymes Japan, Chiba). After enzymatic hydrolysis of the pretreated rice straw, the sugars liberated were analyzed by HPLC, as described above.
Results
Effects of the addition of xylose and of arabinose to a glucose/cellobiose mixture on the enzyme production profiles When the T. reesei strains were grown on Glc/C2, Glc/Xyl/C2, or Glc/Ara/C2, the cellulolytic activities in the culture broth from the mutant M3-1 were much higher than those from parental strain ATCC66589 (Fig. 1) . For the mutants, the cellulolytic activities produced by the growth on Glc/Xyl/C2 were slightly lower than those on Glc/C2, whereas those produced by growth on Glc/Ara/C2 and Glc/C2 were almost the same. Supplementation of Glc/C2 with Xyl or Ara drastically influenced the profiles of the xylanolytic enzymes, though the xylanolytic activities produced by the mutant were only slightly higher than those by the parental strain. When the mutants were grown on Glc/ Xyl/C2, the xylanase-and BXL activities in the culture filtrates were enhanced to 4.3-and 7.2-fold in comparison with those on Glc/C2, respectively. In this case, there was no significant change in -AF activities. Furthermore, supplementation of Glc/C2 with Ara greatly elevated the -AF activities as well as the xylanase-and BXL activities. These results suggest that Xyl and Ara can act as inducers of xylanolytic enzymes even in the presence of glucose, and that simultaneous use of these inducers with Glc/C2 for the growth of the mutant leads to effective cellulolytic and xylanolytic activities. Figure 2 shows the time courses of sugar consumption by the parental strain and M3-1 under batch fermentation conditions. The sugar consumption profile of mutant strain M3-1 was different from the parental strain. The Glc consumption rate in the M3-1 culture was obviously lower than that in the culture of the parental strain. By contrast, reduction in C2 by M3-1 was slightly faster than that by the parental strain. No significant differences were seen in the consumption rates for Xyl and Ara in the cultures of the parental strain and M3-1, suggesting that neither the Glc-nor the C2 concentration in the media affected the consumption rates of Xyl and Ara.
Next, we performed saccharification of Ca(OH) 2 -pretreated rice straw using enzyme preparations from M3-1 cultured under various conditions (Fig. 3) . When the enzyme preparation from M3-1 on Glc/C2 was used, saccharification ratios for glucan and xylan were 54% and 37% respectively, slightly higher than those for the commercial enzyme preparation. On the other hand, by the use of the enzyme preparation from M3-1 on Glc/ Xyl/C2 and on Glc/Ara/C2, the saccharification ratios T. reesei strains were cultivated on Glc and C2 (20 and 2 mg/mL respectively), Glc, Xyl, and C2 (10, 10, and 2 mg/mL respectively), and Glc, Ara, and C2 (10, 10, and 2 mg/mL respectively) for 96 h. were enhanced to 60% for glucan and to 48-53% for xylan. These results indicate that these enzyme preparations, which show high activity ratios of xylanolytic enzymes to cellulolytic enzymes, were effective in mediating the hydrolysis of the pretreated biomass.
Production of cellulases with controlled induction of xylanolytic enzymes by a continuous feeding strategy
We have reported a continuous feeding strategy for the efficient production of cellulolytic enzymes by T. reesei, in which soluble carbon sources and inducers are continuously supplied to the fermentor. 13) Here, we improved the process for controlled induction of cellulolytic and xylanolytic enzymes by using two different inducers. We chose Glc/Xyl/C2 as feeding solution for the present study, based on the finding that the consumption rates of Glc and Xyl were equivalent for M3-1 (Fig. 2) and that a desirable cocktail of enzymes for the degradation of Ca(OH) 2 -pretreated lignocellulosic feedstock can be prepared from a culture medium with Glc/Xyl/C2 (Fig. 3) .
When the Glc/C2 mixture was fed continuously to the culture of M3-1, proteins and cellulolytic activities linearly increased after the third day of cultivation (Fig. 4A) . This trend was similar to the case of Glc/ Xyl/C2, except for an additional slight increase in BGL activity (Fig. 4C) . High activities of the xylanolytic enzymes were detected in the culture medium after continuous feeding of Glc/Xyl/C2 for 8 d. Under these conditions, the activities of xylanase, BXL and -AF in the 8 d-cultures were 3.5-, 13-, and 3-times higher respectively than those observed for the cultures grown on Glc/C2. When the feeding source was switched from Glc/C2 to Glc/Xyl/C2 on the 4th day of cultivation, the activities of the xylanolytic enzymes increased drastically without significant effect on the production of cellulolytic enzymes (Fig. 4B) . After 8-d of cultivation with the three feeding strategies, enzyme preparations with various ratios of xylanolytic and cellulolytic activities were obtained. Specifically, the activity ratio of xylanases and EGs was 1.63, 3.99, and 5.37 for the feeding strategies of Glc/C2, Glc/C2!Glc/Xyl/C2, and Glc/Xyl/C2 respectively. The volumetric production rates of proteins and enzymes during the early period (1st!4th d), the late period (4th!8th d), and the entire period (1st!8th d) of cultivation are summarized in Table 1 . The production rates for Cel7s (15.4-18.5 U/ L/h) and EG (575-742 U/L/h) activities were almost the same for all feeding regimens. These results suggest that fungal cells produce additional proteins in response to Xyl under the continuous-feeding conditions described without significantly affecting the production of cellulolytic enzymes in response to C2. Nonetheless, the volumetric production rates for xylanase-and BXL activities during the Glc/Xyl/C2 feeding phases (2,580-4,650 U/L/h for the xylanases and 101-135 U/L/h for the BXLs) were significantly higher than those during (A) Glc-and C2-feeding condition, (B) Glc-and C2-feeding for the first 4 d, followed by Glc-, Xyl-, and C2-feeding thereafter, (C) Glc-, Xyl-, and C2-feeding condition. Detailed feeding strategies are described in ''Materials and Methods.'' The beginning of xylose feeding is shown by arrows.
the Glc/C2 feeding phases (653-1,330 U/L/h for the xylanases and 8.02-9.31 U/L/h for the BXLs). Cultures in which Xyl was added from the 4th day onwards (Fig. 4B) gave production rates for xylanase and BXL activities that were elevated by 6-and 15-fold respectively. The values during the Glc/Xyl/C2 feeding phases were higher than those for M3-1 grown on cellulose (1,890 U/L/h for the xylanases and 22.6 U/L/ h for the BXLs, data not shown) and for Rut C-30 strain, a glucose-derepressed mutant of wild-type strain QM6a, 19) grown on a mixture of lactose and Ara 20) (1,540 U/L/h for the xylanases). The production rate for the BGL-and the -AF activities varied among the various feeding conditions, suggesting that the mechanism of regulation of these enzymes is complex. These results indicate that the level of xylanolytic enzymes in the cellulase preparations for Glc/C2-continuously-fed cultivation of the M3-1 strain is readily controlled by the simultaneous use of xylose with Glc/C2 and alteration of the pattern of xylose addition. In fact, as shown in Figs. 4 and 5, cellulase preparations with different levels of xylanolytic enzymes were obtained at a protein concentration of 35-45 g/L by different feeding strategies of Glc/C2 and Glc/Xyl/C2. Thus, the strategy of continuous feeding of soluble sugars might make it possible to develop a platform for the production of enzymes in response to a diversity of bioconversion processes.
Discussion
In this study, we studied the efficient production of cellulase preparations in which the levels of xylanolytic enzymes were controlled by continuous-feeding cultivation of T. reesei mutant using soluble sugars, e.g., glucose, xylose, and cellobiose. Our purpose was to control tightly the amount and the composition of cellulolytic and xylanolytic enzymes during cultivation of the fungus. In the production of enzyme containing both cellulases and xylanolytic enzymes, it is important to maintain high productivity of cellulases and to control the quantity and quality of the xylanolytic enzymes in response to the properties of the substrates, which vary with the plant materials and their pretreatment conditions.
In T. reesei, the production of cellulolytic and xylanolytic enzymes can be regulated at the transcriptional level with the aid of three positive transcriptional activators (main activator of cellulase/hemicellulase gene expression XYR I, ACE II, and HAP 2/3/5 complex), and two repressors (ACE I, and carboncatabolite repressor CRE I). 10, 11, 21, 22) It has been suggested that the major cellulase genes in T. reesei have common regulatory mechanisms. 21) On the other hand, the regulatory mechanisms of hemicellulase genes appear to be more complex. Recently, Mach-Aigner et al. 23) reported that the degree of xylanase-encoding gene (xyn1 and xyn2) induction depends strictly on the Glucose, cellobiose, and xylose were used as main carbon source, cellulase inducer, and hemicellulase inducer respectively. In the continuously fed-batch cultivation of T. reesei mutant M3-1, cellulase preparations with various levels of xylanolytic enzymes were obtained at a protein concentration of 35-45 g/L by regulated feeding of the three sugars. 24) In the case of strain Rut C-30 grown on lactose, it has been found that relative production of the three xylanases varies depending on the pH of cultivation, 25) suggesting that the corresponding genes are subject to pH regulation. As for this strain, Xiong et al. 20) reported that Ara is a better inducer of xylanase production than Xyl when either of these aldopentoses is used as sole carbon source. However, we obtained contrary results for strain M3-1: the addition of Xyl and of Ara to Glc/C2 resulted in the best production of xylanase and of -AF activities respectively (Fig. 1) . These differences might have been caused at least in part by the discrepancy in properties between the strains or in the carbon sources used. All these examples suggest that effects of the simultaneous use of several carbon sources and inducers on the induction of individual enzymes, particularly xylanolytic enzymes, in a fungal strain are complicated. Furthermore, the sugar consumption rate of the fungus can also be an important factor in enzyme production, because the lifetimes of the sugars in the medium determine effectiveness as inducer of specific enzymes. Mutant M3-1 exhibited distinct properties of sugar consumption as compared with the parental strain (Fig. 2) . A comparative study of T. reesei strains that focuses on genetic differences might yield useful insight into the relationship between the metabolism of the inducers and the productivities of the enzymes.
We aim to make enzyme production dramatically more efficient by the use of soluble carbon sources and soluble inducers and the managed addition of them to the culture. The use of soluble materials for enzyme production can simplify a factor that should be controlled to maximize enzyme productivity and to maintain favorable conditions. Our previous report suggested that continuous feeding of Glc/C2 to a culture leads to high and stable production of cellulases in T. reesei mutants M2-1 and M3-1. 13) Herein we found that the xylanase-and BXL activities in the cellulase preparations from M3-1 could be controlled by regulated addition of Glc, Xyl, and C2 (Fig. 5) . Based on these results, we propose a system for continuous enzyme production using soluble materials, termed SCHIE. In this system, several soluble inducers or suppressors of specific sets of enzymes are used in the cultivation of the T. reesei strain. The feeding strategies for these compounds are regulated to maximize induction of the desired genes. This system might make it possible to produce quality-and quantity-controlled enzymes to suit various conversion processes. In order to advance the efficient enzyme production system (the SCHIE platform), further integrated research, including transcriptomic-and proteomic-studies of mutants, investigation of the components that influence specific gene expression, optimization of culture and feeding conditions, and strain improvement are ongoing.
